Cell differentiation often involves changes in cell polarity. In this study we show that neuroepithelial cells, the progenitors of all neurons and macroglial cells of the vertebrate central nervous system, downregulate the polarized delivery to the apical and basolateral plasma membrane domains during development. Upon infection of the neuroepithelium of mouse embryos with fowl plague virus (FPV), polarized delivery of the viral envelope hemagglutinin, an apical marker, occurred at the neural plate stage (E8), but was downregulated at the open neural tube stage (E9). Upon infection with vesicular stomatitis virus, the viral envelope G protein, a basolateral marker, showed an unpolarized delivery not only at the open neural tube stage, but already at the neural plate stage. These results show that a progressive downregulation of plasma membrane polarity of neuroepithelial cells precedes neural tube closure and the onset of neurogenesis. © 1997 Elsevier Science Ireland Ltd.
Introduction
The neuroepithelium gives rise to all neurons and macroglial cells of the vertebrate central nervous system. The neuroepithelial cells, like other epithelial cells, are characterized by an apical-basal polarity. Their basal side, at least early in development, contacts a basal lamina. Their apical side faces the amniotic fluid at the neural plate stage and, after closure of the neural tube, its lumen. At all stages of the cell cycle, neuroepithelial cells are anchored to each other via junctional complexes at the apical end of their lateral membranes (Hinds and Ruffett, 1971; Aaku-Saraste et al., 1996) . At mitosis, neuroepithelial cells retract their process from the basal lamina and round up at the apical side. Concomitantly, their nuclei undergo interkinetic migration along the apical-basal axis, which gives the neuroepithelium its pseudostratified appearance (Sauer, 1935) .
A characteristic feature of all epithelial cells, which contributes to their apical-basal polarity, is the distinct protein and lipid composition of their apical and basolateral plasma membranes (Simons and Fuller, 1985; Rodriguez-Boulan and Powell, 1992) . A polarized distribution of plasma membrane proteins can be achieved directly by sorting, either at the trans-Golgi network as in Madin-Darby canine kidney (MDCK) cells (Matlin and Simons, 1984; Misek et al., 1984) , at the plasma membrane as in hepatocytes (Bartles et al., 1987) , or by a combination of both as in the intestinal cell line CaCo-2 (Le Bivic et al., 1990; Matter et al., 1990) . Alternatively, correct polarization of plasma membrane proteins can be obtained by their specific interaction with cytoskeletal elements (Hammerton et al., 1991) and/or the extracellular matrix.
Certain enveloped RNA viruses such as influenza virus and vesicular stomatitis virus (VSV) have been extensively used as tools to analyze membrane traffic in epithelial cells (Rodriguez-Boulan and Sabatini, 1978; Simons and Fuller, 1985; Rodriguez-Boulan and Powell, 1992) . These viruses bud preferentially from either the apical (influenza virus) or basolateral (VSV) surface of all epithelia studied so far. Their envelope proteins hemagglutinin (HA, influenza virus) and G-protein (VSV) are specifically delivered to the apical and basolateral plasma membranes, respectively, and extensive studies on their intracellular transport have provided insight into the molecular mechanisms of plasma membrane protein sorting in epithelial cells (Simons and Fuller, 1985; Rodriguez-Boulan and Powell, 1992) .
Neuroepithelial cells are also thought to exhibit an apicalbasal plasma membrane polarity (Huttner and Brand, 1997) . However, neuroepithelial cells loose tight junctions, which help to maintain the distinct composition of the apical and basolateral plasma membranes by acting as a 'fence' against lateral diffusion (Diamond, 1977; Cereijido et al., 1989) during the transition from the neural plate to the neural tube (Aaku-Saraste et al., 1996) . This raises the important question of whether neuroepithelial cells maintain a polarized distribution of apical and basolateral plasma membrane components after neural tube closure, i.e. when these cells start generating neurons. In this study we have addressed this question by infecting the mouse embryo neuroepithelium with fowl plague virus (FPV, an influenza virus) and VSV at two developmental stages, the neural plate stage, when tight junctions still exist, and the open neural tube stage, when these are no longer present. Studying the distribution of the viral envelope proteins FPV-HA and VSV-G between the apical and basolateral plasma membranes of neuroepithelial cells reveals the differential downregulation of plasma membrane polarity prior to neural tube closure and neurogenesis.
Results

Entry of enveloped viruses into neuroepithelial cells of the early postimplantation mouse embryo
We first investigated whether mouse neuroepithelial cells could be infected with influenza virus and VSV. For this purpose, 9-day-old mouse embryos (E9) dissected free of amnion were incubated sequentially at 4°C and then at room temperature, either with FPV, a strain of influenza virus, or with a phenotypically mixed VSV. The latter virus carries HA in its envelope, which allows entry of this virus into epithelial cells from the apical side (Bennett et al., 1988) . FPV (Fig. 1A) and VSV (Fig. 1B) could be seen in coated pits and coated vesicles (data not shown) of neuroepithelial cells 15 min after warming the embryos to 37°C, indicating virus entry into these cells. The appearance of the entering viruses was very similar to that observed in MDCK cells, in which the identity of the viruses was confirmed by preembedding labelling with anti-HA (FPV) or anti-VSV-G antibodies (data not shown).
In the E9 mouse embryo, the envelope proteins of FPV and VSV are expressed on both the apical and basolateral plasma membranes of neuroepithelial cells
To study cell surface delivery of the viral envelope proteins, E9 mouse embryos were kept in their yolk sacs, injected with FPV and VSV into the amniotic cavity and incubated for up to 8 h in whole embryo culture. This in vitro system allows development of early postimplantation embryos to proceed for up to 2 days in essentially the same way as in utero (Cockroft, 1990; Oback and Huttner, unpublished data) . Because at E9 the anterior region of the neural tube is still open at the roof of the myelencephalon, viruses injected into the amniotic cavity have access to the apical side of the neuroepithelium.
The expression of the viral envelope proteins in the neuroepithelial cells was studied by immunofluorescence 6 h after injection of FPV and 5 h after injection of VSV. At these time points, most of the neuroepithelial cells expressed the FPV-HA ( Fig. 2A,B) and the VSV-G-protein (Fig. 2C,D) on their cell surface. The immunofluorescence was specific because no staining was observed in equally processed, non-infected embryos or after omitting the first antibody (data not shown). Staining for HA was observed not only on the apical surface of neuroepithelial cells, as expected from work with other epithelial cells (Simons and Fuller, 1985; Rodriguez-Boulan and Powell, 1992) , but also on their basolateral surface ( Fig. 2A,B) . Likewise, staining for VSV-G was observed not only on the basolateral but also on the apical surface of neuroepithelial cells (Fig. 2C,D) , in contrast to the epithelial cells of the adjacent non-neural ectoderm in which VSV-G was confined to the basolateral plasma membrane (data not shown). The expression of HA and VSV-G on both apical and basolateral surfaces was confirmed by immunogold electron microscopy of cryosections (data not shown, see also Fig. 4 ).
At E9, viral envelope proteins lack polarity from the onset of expression
We know from our previous work (Aaku-Saraste et al., 1996) that at E9 no functional tight junctions exist in the neuroepithelium. Therefore, it was possible that HA and VSV-G were first delivered in a polarized manner to the apical and basolateral plasma membranes, respectively, but subsequently, because of the lack of the fence function of the tight junction, they were partly redistributed to the respective other plasma membrane domain by lateral diffusion. Therefore, we investigated the localization of the viral envelope proteins in the neuroepithelial plasma membrane at earlier time points of expression, i.e. 5 h after injection of FPV and 4 h after injection of VSV. At these time points, expression of the viral envelope proteins had just begun, as judged from the low proportion of cells immunoreactive for HA and VSV-G, which was less than half of that observed after the 1 h longer incubation (compare Fig. 3 with Fig. 2 ). However, also at the earlier time point of expression, HA (Fig. 3A,B ) was detected by immunofluorescence not only at the apical but also at the basolateral plasma membrane and VSV-G (Fig. 3C,D) showed a similar cell surface distribution to HA, suggesting that it was not confined to the basolateral plasma membrane.
At the light microscopic level, it is very difficult to deter- mine whether an apical staining of the neuroepithelium is due to labelling of the apical or the apical-most end of the lateral plasma membrane of the cells (see, for example, Figs. 7 and 8 in Aaku-Saraste et al., 1996) . Therefore, we analyzed the distribution of the viral envelope proteins in the plasma membrane of neuroepithelial cells by immunogold electron microscopy. For both HA (Fig. 4A,B ) and VSV-G (Fig. 4C ,D), immunogold labelling was found on both the apical (Fig. 4A ,C) and basolateral ( Fig. 4B,D ) plasma membranes. Quantitation of the gold particles revealed a three-fold greater HA immunoreactivity per mm apical plasma membrane than per mm lateral plasma membrane (Table 1) . However, we did not find a cell with an exclusive apical localization of HA in any of the sections examined. For VSV-G, the difference in immunoreactivity between apical and lateral plasma membranes was barely significant (Table 1) .
In the E8 mouse embryo, FPV-HA is concentrated in the apical plasma membrane of neuroepithelial cells whereas VSV-G lacks polarity
Given that in neuroepithelial cells of the E9 mouse embryo, FPV-HA and VSV-G did not exhibit a selective localization in the apical and basolateral plasma membranes, respectively, we investigated the distribution of the viral envelope proteins at E8, a stage when functional tight junctions still exist in the neuroepithelium (Aaku-Saraste et al., 1996) . FPV and VSV were injected into the amniotic cavity of three-somite mouse embryos, followed by whole embryo culture for 6 and 5 h, respectively, and immunofluorescence analysis of the viral envelope proteins. For HA, most neuroepithelial cells at this developmental stage showed a preferential apical localization (Fig.  5A ,A′,B) with only weak staining of the basolateral plasma membrane (Fig. 5B) . A few apparently highly polarized neuroepithelial cells showed prominent apical staining for HA with no significant immunoreactivity on the basolateral plasma membrane (Fig. 5A,A′) . In contrast to HA, VSV-G did not appear to be preferentially localized to one of the two plasma membrane domains, with staining seen both at the basolateral plasma membrane and the apical surface of the neuroepithelium (Fig. 5C) .
Immunogold electron microscopy of E8 embryos incubated for 5 and 4 h after injection of FPV and VSV, respectively, corroborated these observations. For HA, a highly significant difference in gold particle density between the apical (Fig. 6A) and lateral (Fig. 6B ) plasma membranes was found, with an almost seven-fold greater density in the apical membrane (Table 1) . In several instances, neuroepithelial cells expressing HA on their apical plasma membrane did not show any detectable immunogold labelling of their lateral membranes (as far as these could be traced in a given cryosection). For VSV-G, a barely significant difference in gold particle density between the apical (Fig. 6C ) and lateral ( Fig. 6D ) plasma membranes was found, the densities being very similar to those observed with E9 embryos (Table 1) .
FPV-HA expressed on the basolateral plasma membrane is not in transit to the apical surface
In certain epithelial cells such as hepatocytes, proteins destined to the apical plasma membrane are first transported to the basolateral plasma membrane followed by transcytosis (Bartles et al., 1987) . It was, therefore, important to determine whether the HA present in the basolateral membrane of E8 neuroepithelial cells (Figs. 5B and 6B) was in transit to the apical plasma membrane. We addressed this question by performing a morphological pulse-chase in the presence of the protein synthesis inhibitor cycloheximide.
We first ascertained that cycloheximide indeed blocked Data are the mean ± SE. Numbers in parentheses indicate the number of cells analyzed or the statistical significance of the difference between the mean apical and mean lateral gold particle density. The immunoreactivity for FPV-HA and VSV-G associated with the apical and lateral plasma membranes of neuroepithelial cells was quantitated after electron microscopy of immunogold-labelled ultrathin cryosections as described in Section 4.
expression of HA under the conditions of the whole embryo culture system. E8 mouse embryos were injected with FPV, reinjected with cycloheximide after 3 h, a period of time during which HA was not yet expressed, and incubated for another 2 h. In contrast to control embryos incubated for 5 h after FPV injection without cycloheximide addition (Fig.  7A ), embryos injected with cycloheximide did not express detectable levels of HA (Fig. 7B) , showing that a single injection of the drug into the amniotic cavity was sufficient to effectively block HA synthesis in the neuroepithelium for at least 2 h. Next we applied the cycloheximide block to E8 embryos incubated for 6 h after FPV injection, when HA expression in neuroepithelial cells had taken place and involved the basolateral plasma membrane (Fig. 5B) . The basolateral HA persisted upon further incubation for 2 h in the presence of cycloheximide (Fig. 7C) , showing that this HA was not transiently passing through the basolateral plasma membrane.
Discussion
Plasma membrane polarity is a fundamental feature of epithelial cells. Yet, as the neuroepithelium develops to eventually generate neurons, plasma membrane polarity is progressively downregulated, with that of a basolateral marker being absent before and that of an apical marker being lost during the transition from the neural plate to the neural tube. Our results not only support the concept that neuroepithelial cells become less epithelial prior to neurogenesis (Aaku-Saraste et al., 1996) , but on a more general note, they also suggest that the regulation of plasma membrane polarity is intimately linked to the developmental programme that controls the generation of the central nervous system.
Polarized delivery of a viral envelope protein to the apical plasma membrane of neuroepithelial cells becomes less efficient during closure of the neural tube
Influenza HA, a viral envelope protein shown to be delivered specifically to the apical surface of various epithelial cells (Simons and Fuller, 1985; Rodriguez-Boulan and Powell, 1992) , was preferentially localized to the apical (rather than basolateral) plasma membrane of neuroepithelial cells at the neural plate stage (E8), but lost this polarized distribution during closure of the neural tube (E9). Transport of a membrane protein to the apical surface of an epithelial cell can occur in two principal ways, i.e. by sorting in the trans-Golgi network into the vesicle targeted directly to the apical plasma membrane, or by delivery initially to the basolateral plasma membrane followed by transcytosis to the apical plasma membrane (Simons and Fuller, 1985; Rodriguez-Boulan and Powell, 1992) . Our observation that incubation of E8 embryos in the presence of cycloheximide did not abolish the basolateral staining for HA indicates that this HA was resident in the basolateral plasma membrane rather than in transit to the apical surface and, hence, that there was no significant transcytosis of HA in the neuroepithelial cells. This suggests that the preferentially apical localization of HA at E8 is due to direct delivery from the trans-Golgi network and implies that both the sorting of HA into the apically destined vesicle and the specific targeting of this vesicle to the apical plasma membrane still largely function in E8 neuroepithelial cells. It is conceivable that in the E9 embryo, apical sorting and targeting of HA still occur, but that the lack of functional tight junctions from the neuroepithelium at this developmental stage (Aaku-Saraste et al., 1996) alone is sufficient to explain the decline in the preferentially apical localization of HA because of lateral diffusion. However, basolateral localization of HA in E9 neuroepithelial cells was observed as early as expression of the envelope protein could be detected and there was no obvious apical-tobasal gradient of HA along the lateral membrane. Therefore, it is possible that in E9 neuroepithelial cells there is a decrease in the specificity of targeting the apical vesicle to the apical plasma membrane and that this decrease also contributes to the observed lack of a preferentially apical localization of HA. Whatever the mechanism, given the downregulation of plasma membrane polarity and the absence of tight junctions at the neural tube stage, the question arises as to how certain membrane proteins known to be selectively localized to either the apical (cell surface enzymes, Spencer-Dene et al., 1994; megalin, Willnow et al., 1996; prominin, Weigmann et al., 1997) , lateral (N-cadherin, Aaku-Saraste et al., 1996) or basal (a 6 -integrin, E. Aaku-Saraste and W.B. Huttner, unpublished data) plasma membranes of neuroepithelial cells attain and maintain such a polarized distribution. We propose that the cytoskeleton in concert with cell-to-cell and cell-to-substrate interactions functions as a major organizer of plasma membrane components in neuroepithelial cells.
Delivery of a basolateral viral envelope protein to the plasma membrane of neuroepithelial cells is already unpolarized at the neural plate stage
In contrast to HA, VSV-G, a viral envelope protein shown to be delivered specifically to the basolateral surface of various epithelial cells (Simons and Fuller, 1985; Rodriguez-Boulan and Powell, 1992) , did not show a preferential localization to the appropriate (i.e. basolateral) plasma membrane domain of neuroepithelial cells at the neural plate stage (E8). We do not think that this simply reflects a cytopathic effect of the virus because the lack of a preferentially basolateral localization of VSV-G was observed as early as expression of the envelope protein could be detected. Rather, given the progressive loss of epithelial features from the neuroepithelium during development (Aaku-Saraste et al., 1996) , the lack of a preferentially basolateral localization of VSV-G may reflect the fact that polarity of basolateral plasma membrane proteins requires a more fully developed epithelial phenotype than that of apical plasma membrane proteins (Vega-Salas et al., 1987; Wollner et al., 1992) . As the presence of functional tight junctions at the neural plate stage (Aaku-Saraste et al., 1996) precludes entry of VSV-G into the apical plasma membrane domain by lateral diffusion from the basolateral plasma membrane, our data imply that basolateral sorting and targeting in neuroepithelial cells is already downregulated at the neural plate stage. Consistent with this conclusion, we observed efficient uptake into neuroepithelial cells of fluorescently labelled transferrin injected into the amniotic cavity of E8 embryos, implying the presence of transferrin receptor (a basolateral membrane protein in epithelial cells) at the apical surface (data not shown).
Thus, the downregulation of plasma membrane polarity is an earlier manifestation of the developmental programme towards a lesser epithelial phenotype of the neuroepithelium than the loss of tight junctions, which occurs concomitant with closure of the neural tube (Aaku-Saraste et al., 1996) . The initiation of this programme may well be related to the switch in the cadherin subtype from E-to N-cadherin, which occurs in the neuroepithelium at the neural plate stage (Nose and Takeichi, 1986; Hatta et al., 1987; Aaku-Saraste et al., 1996) , as it is known that E-cadherin, but not certain other cadherins, can induce the polarized distribution of plasma membrane proteins (e.g. Na + ,K + -ATPase to the lateral membrane of non-neural epithelial cells; Marrs et al., 1995; Näthke et al., 1995) .
Implications for neurogenesis
What may be the significance of the downregulation of plasma membrane polarity in neuroepithelial cells with regard to neurogenesis? The generation of neurons from neuroepithelial cells is thought to involve the asymmetric distribution of intrinsic cell fate determinants during mitosis, whereas the proliferation of neuroepithelial cells, which continues for a certain period of time in parallel with neurogenesis, is thought to require their symmetric distribution (Huttner and Brand, 1997) . Although the orientation of the cleavage plane in relation to the apical-basal axis of a neuroepithelial cell has been discussed as one critical parameter for these distinct modes of distribution (Chenn and McConnell, 1995; Huttner and Brand, 1997) , additional key aspects of cellular organization are also likely to be involved in the switch from neuroepithelial cell proliferation to neurogenesis. The downregulation of plasma membrane polarity may provide the neuroepithelial cell with an increased plasticity for localizing intrinsic cell fate determinants and for distri- Fig. 7 . Expression of FPV-HA in the neuroepithelium of E8 mouse embryos maintained after infection in whole embryo culture for 5 h in the absence of cycloheximide (A), for 5 h with cycloheximide being present during the last 2 h (B) and for 8 h with cycloheximide being present during the last 2 h (C). Transverse sections through the brain were analyzed by immunofluorescence. The apical side of the neuroepithelium is up. Note the lack of HA expression in (B) and the persistence of HA staining in the basolateral plasma membrane of neuroepithelial cells in (C). buting them either symmetrically or asymmetrically irrespective of cleavage plane orientation.
The downregulation of plasma membrane polarity in the neuroepithelium before neurogenesis can be reversed later in development. Consistent with our observations, other investigators (Rizzolo and Heiges, 1991) studying the formation of the retinal pigment epithelium, which develops from the neuroepithelium, reported that two endogenous plasma membrane proteins (Na + ,K + -ATPase and b 1 -integrin) lack polarity in the neuroepithelial cells of the neural tube prior to the development of the retinal pigment epithelium. Upon conversion of the neuroepithelium into retinal pigment epithelium, these proteins became polarized to the apical and basal plasma membranes, respectively (Rizzolo and Heiges, 1991) . This is in line with the ability of the retinal pigment epithelium to deliver FPV-HA and VSV-G in a polarized manner to the apical and basolateral cell surfaces, respectively (Bok et al., 1992) . Furthermore, new-born neurons are initially unpolarized and only acquire the equivalent of an apical-basal polarity (axon, dendrites) later in the course of their differentiation (Dotti and Simons, 1990) . Thus, it appears that neurogenesis involves an alteration in plasma membrane polarity in both the neuroepithelial progenitors (downregulation) and the neurons (upregulation).
Virus entry into neuroepithelial cells via the apical surface -potential applications
Finally, a technical aspect of our study deserves comment. Prior to completion of neural tube closure, the apical side of the neuroepithelium is exposed to the amniotic fluid. We have exploited this fact, given that there is fluid phase endocytosis in neuroepithelial cells from their apical surface (see Fig. 9 in Aaku-Saraste et al., 1996) , to deliver viruses to the apical side of the neuroepithelium by injection into the amniotic cavity, which resulted in virus endocytosis and massive infection of neuroepithelial cells. In conjunction with the ability to monitor development in whole embryo culture (Cockroft, 1990; B. Oback and W.B. Huttner, in preparation) , injection of appropriately engineered viruses may therefore provide a means of introducing genes into neuroepithelial cells to further study their proliferation and differentiation.
Experimental procedures
Viruses and antibodies
FPV was obtained as described (Matlin and Simons, 1984) . Briefly, FPV was propagated in the allantoic cavity of chicken eggs. The virus suspension was collected after 1 day of culture and centrifuged in a Heraeus Omnifuge at 5000 rev./min for 30 min. The resulting supernatant was centrifuged in a Beckman SW27 rotor at 25 000 rev./min for 90 min. The pellet was resuspended in 200 ml of PBS/ 0.2% BSA. After overnight incubation at 4°C, the same buffer was added, the suspension was centrifuged in the Heraeus Omnifuge at 2000 rev./min for 5 min and the supernatant was aliquoted, frozen in liquid nitrogen and stored at −80°C. The titer of FPV was 1.6 × 10 10 pfu/ml (as determined on confluent MDCK monolayers).
The phenotypically mixed VSV (Indiana strain), grown in Chinese hamster ovary C15.CF1 cells expressing HA on their plasma membrane (Bennett et al., 1988) , was a gift of Dr Johan Peränen and Dr Kai Simons. The titer of VSV was 1.6 × 10 9 pfu/ml (as determined on confluent MDCK monolayers).
Rabbit antisera against HA (Matlin et al., 1981) and VSV-G (Matlin et al., 1982) were gifts of Dr Kai Simons.
Staging and preparation of mouse embryos
Embryos were obtained from natural matings of NMRI mice. The morning of the vaginal plug was considered as E0. E8 embryos had three to four somites and were not turned; this stage is referred to as the neural plate stage. E9 embryos were completely turned and their anterior neuropore was still open; this stage is referred to as the open neural tube stage. For visualization of virus uptake, E9 embryos were dissected free of all membranes in Hanks' balanced salt solution (HBSS) supplemented with 2 mM CaCl 2 at room temperature ('naked' embryos). For viral injection into the amniotic cavity, embryos (E8 to E9) were dissected free of Reichert's membrane in intact yolk sacs in PB1 containing 10% FCS at room temperature (Cockroft, 1990 ) (whole embryos).
Viral infection of the neuroepithelium
A motorized microinjector (Eppendorf, 5171) connected to a pneumatic transjector (Eppendorf, 5246) was used to inject viruses through the visceral yolk sac into the amniotic cavity of E8 and E9 whole embryos. Approximately 0.1-0.3 ml of either FPV or VSV (1.6 × 10 9 pfu/ml or 0.8 × 10 9 pfu/ ml, respectively) in DMEM was injected. After injection, embryos were transferred to sterile 50 ml Falcon tubes (four embryos per tube) containing a 1:1 mixture (1 ml per embryo) of DMEM and rat serum collected after immediate centrifugation of blood (Cockroft, 1990) . The tubes were gassed with 5% O 2 /5% CO 2 /90% N 2 and sealed with silicon grease and parafilm and whole embryos were cultured on a roller apparatus at 37°C for 5-8 h (FPV infections) or 4-5 h (VSV infections) (Cockroft, 1990) .
For visualization of endocytosis of viruses (Fig. 1) , E9 'naked' embryos were exposed to undiluted viruses in PBS/ 0.2% BSA at 4°C for 30 min, placed at room temperature for 30 min and incubated in 5 ml of pre-equilibrated 37°C DMEM at 5% CO 2 /95% air for 15 min.
Immunofluorescence
Embryos were immersed in ice-cold 2% paraformaldehyde in 0.2 M HEPES (pH 7.4), allowed to warm to room temperature for 1 h, transferred to 8% paraformaldehyde in 0.2 M HEPES at room temperature and kept overnight in a refrigerator. Fixed embryos were infiltrated with 0.5 M sucrose in PBS for 4 h, frozen in Tissue-tek (OCT compound, Miles) on dry ice and stored at −60°C. Frozen sections (8 mm) were cut with a Leica Frigocut 2800N and airdried on gelatin-coated slides. The sections on the slides were permeabilized with Triton X-100 (0.5% in PBS for 10 min), washed in PBS, quenched with NH 4 Cl (50 mM in PBS for 10 min), washed in PBS and incubated for 30 min in blocking medium A (0.1% Triton X-100, 0.2% gelatin (Teleostean gelatin, Sigma) and 0.05% BSA in PBS). Sections were incubated with rabbit anti-HA (1:300) or rabbit anti-VSV-G (1:300) antisera in blocking medium A overnight at 4°C. After washing in PBS, sections were incubated with secondary antibody (rhodamine-conjugated goat anti-rabbit-IgG) in blocking medium A for 30 min at room temperature. The sections were washed in PBS and mounted with Moviol. The samples were examined using a fluorescence microscope (Axiophot, Zeiss).
Electron microscopy
Ultrathin cryosections were prepared according to the Tokuyasu method (Griffiths, 1993) . Fixed pieces of heads or headfolds were infiltrated with 30% (w/v) polyvinylpyrrolidone/1.61 M sucrose (Tokuyasu, 1989) for 4 h at room temperature and frozen in liquid nitrogen. Ultrathin cryosections were cut at −100°C with a Reichert FCS cryo-ultramicrotome (Leica) using glass knives. The sections were collected on Formvar/carbon-coated grids, incubated in blocking medium B (10% FCS/0.15% glycine in PBS) for 10 min at room temperature and then with rabbit anti-HA (1:50) or rabbit anti-VSV-G (1:50) antiserum for 30 min. The sections were washed with PBS, incubated with protein A-gold (9 nm) in blocking medium B and washed with PBS and H 2 O. After treatment with neutral uranyl acetate oxalate, the sections were incubated with 0.3% uranyl acetate/ 1.8% methyl cellulose on ice and air-dried. The immunogold-labelled sections were examined in an electron microscope (EM 10, Zeiss).
For electron microscopy of Epon sections (Fig. 1 ), embryos were fixed in 1% glutaraldehyde in 0.1 M cacodylate buffer (pH 7.4) at 4°C overnight. Samples were then washed in cacodylate and postfixed in 1% (w/v) osmium tetroxide/1.5 (w/v) potassium ferricyanide in cacodylate buffer for 1 h. Magnesium uranyl acetate (1.5% w/v) was used for contrasting and samples were dehydrated with ethanol and embedded in Epon. Ultrathin sections were cut in a Reichert Ultracut S (Leica), collected on Formvar/ carbon-coated grids, contrasted and observed in the electron microscope.
Quantitations
The immunoreactivity for FPV-HA and VSV-G associated with the apical and basolateral plasma membranes of neuroepithelial cells was quantitated after electron microscopy of immunogold-labelled ultrathin cryosections as follows. Photographs of randomly chosen neuroepithelial cells expressing either viral envelope protein were taken such that both apical and lateral membranes of the same cell were included. Gold particles associated with the apical and lateral membranes were counted (excluding gold particles associated with viruses adsorbed to the apical surface) and the lengths of the apical and lateral membranes on the photograph were determined by tracing them with a thread. The number of gold particles per mm of apical or lateral membrane of each cell was calculated (gold particle density) and for any given condition (E8, E9; FPV-HA, VSV-G) the mean ± SE for the sum of the cells was determined. The statistical significance of the difference between the mean apical and mean lateral gold particle density was calculated using the paired Student's t-test.
